The assessment of glacier mass budget is crucial for assessing water reserves stored in glaciers. Derived glacier mass changes in the Muztag Ata and Kongur Tagh (MAKT) region in the eastern Pamir, northwestern China, is helpful in improving our knowledge of the dynam- 
Introduction
Glaciers are sensitive to climate change and play an important role in the discharge of many Asian rivers [1] . In past decades, many mountain glaciers have progressively shrunk in mass and extent in response to global warming [2] . However, slight mass gains or balanced mass budgets have been reported for several glaciers in recent years, especially in central Karakoram [3] , western Pamir [4] , and West Kunlun Shan [5] [6] [7] . In addition, there has been recent debate on whether the mass budget of glaciers in the Pamir is currently in balance. Gardner, Moholdt [8] and Kääb, Treichler [9] found presumably negative mass budgets in Pamir using ICESat GLAS (Geoscience Laser Altimeter System) data from ICESat, but their results are different with slight mass loss of 0.13 ± 0.22m w.e. a Moholdt [8] and a large mass loss of 0.48 ± 0.14 m w.e. a -1 by Kääb, Treichler [9] over the Pamir. However, a positive balance of +0.14 ± 0.13mw.e.a −1 was found by Gardelle, Berthier [4] Heterogeneous mass wastage has been found across the Pamirs, although the glacier area change was at almost the same level. In western Pamir (Tajikistan), a glacier area decrease of 18.4% was found in the Saukdara and Zulumart Ranges during 1978-2001 [12] , increased by 3.46% from 1992 to 2006 in the Fedchenko basin [13] , and decreased by 1.4% in the Fedchenko Glacier during 1928-2007 [14] . In eastern Pamir (China), Cai, Ma (15) compared ASTER images of the Muztag Ata area (acquired in 2001) with topographical maps corrected by aerial photographs (acquired in 1965) and found that the glacier area had decreased by approximately 1.11% while part of the glaciers in the west and south of the Muztag Ata have increased from 1965 to 2001; Shangguan, Liu [16] used aerial photographs (1962/66) and Landsat TM (1990) and ETM+ (1999) images and found that the glacier area decreased by 7.9%, mainly due to changes observed in the most recent period , when the annual area loss almost tripled to 1.01 km 2 a -1 in Muztag Ata and Kongur Tagh (MAKT). Holzer, Vijay [11] showed that glaciers in Muztag Ata were shrinking by -0.6 ± 3.9% during 1973-2013 with a balance state of mass in the same period. The most recent result for the whole eastern Pamir based on the modified first glacier inventory and a second [17, 18] indicated that the area of glaciers in the region has decreased by 10.8 ± 1.1% during 1963-2009 and glaciers in MAKT were generally retreating (approximately -4%) [19] . There are 1 265 glaciers with a total area of 2054.0 ± 75.9 km 2 in the eastern Pamir in Chinese territory [19] . Up to now, there is a lack of data for mass changes in glaciers in the region except for that by Holzer, Vijay [11] mentioned above. We will focus on glaciers about~1000 km 2 in the glacierized center of MAKT to understand the status of glaciers in the region with different additional data. The objectives of this study are summarized as follows: 3. To analyze the response of debris-covered glaciers in this region.
Study Area
Muztag Ata and Kongur Tagh (MAKT) are located in eastern Pamir, China (38-39°N, 74°40 0 -75°40 0 E), with altitudes ranging from 3000 m above sea level (a.s.l.) to maxima of 7546 and 7719 m above sea level (a.s.l.) at the two summits, respectively (Fig 1) . Both massifs are~2000 m higher than any of the neighboring peaks and represent areas of significantly anomalous topography [20, 21] . Several valley glaciers descend from the ice caps, most of them with snowline elevations of 5200-5700 m a.s.l. and terminus positions at 3900-4900 m a.s.l. [16, 22] , which are of the extreme continental type, and accumulate snow mostly in winter [11, 23, 24] . Muztag Ata and Kongur Tagh are climatologically situated at the intersection of the Indian summer monsoon and mid-latitude westerlies [21] . The highest precipitation occurs between April and May as a result of the penetration of the mid-latitude westerlies into this region [21, 25] . [27] , and decreased precipitation tendency from the 1960s to 2003, while annual precipitation has increased slightly according to observation at the Taxkorgan meteorological station [16, 26] . However, a rapid warming (+2.0 to +2.4°C/10 a) at Muztag Ata as derived from the ice core isotope record while a warming of +0.18°C/10a at the Taxkorgan meteorological station was shown from the 1990s [28] . From July 4 to August 8 in 2001, an observation of glacier ablation on the terminus of the Yangbark Glacier (also called Kematulejia Glacier, No. 9 in Fig 1) on the western side of Muztag Ata (4460-4600 m a.s.l.) also demonstrates the warming trend and the glacier ablation continuously increased compared with the observations in 1960 and 1987 [29] . Glaciers' meltwater in this region drains to three rivers: the Taxkorgan River, which is a tributary of the Yarkant river, and two tributaries of the Kaxgar river, i.e., the Kusan and Gez rivers.
Data and Methods

Topographic maps
Thirteen topographic maps with a 1:50,000 scale were obtained, which were constructed from aerial photogrammetry acquired in the 1970s by the Chinese Military Geodetic Service (CMGS) ( Table 1 ). The geographic projection of the topographic maps was based on the Beijing Geodetic Coordinate System 1954 (BJ54) geoid and the Yellow Sea 1956 datum (the mean sea level at the Qingdao Tidal Observatory in 1956). The contour lines of digital elevation were generated from topographic maps by the State Bureau of Surveying and Mapping of China (SBSMC) and were georeferenced into WGS84/EGM96 using a seven-parameter transformation method and interpolated into DEMs (hereafter, these DEMs are referred to as TOPO DEMs) with a spatial resolution of approximately 30 m by employing the Thiessen polygon method [30] . The error of the coordinate conversion parameters, based on a seven-parameter spatial transformation model, is <0.002 m [31] . The nominal vertical accuracies of these topographic maps were controlled within 3-5 m for the flat (with slopes <2°) and hilly areas (with slopes 2-6°) and controlled within 8-14 m for mountain (with slopes 6-25°) and high mountain areas (with slopes >25°) according to the national photogrammetrical standard issued by the Standardization Administration of the People's Republic of China (SAC) [32] .
SRTM
The SRTM data were obtained during the single-pass interferometric synthetic aperture radar SRTM mission during an 11-day mission in February 2000, in which DEMs can be seen as . However, some tiles may still contain voids. The SRTM1 data in our study contains voids, especially at high and steep elevation regions due to radar shadows and layover effects, similar to the unfilled finished SRTM 3 data (90 m) [35] ; the coordinates are WGS84/EGM96 [33] . Thus, parts of the accumulation regions are not covered by the SRTM1 DEM. The SRTM void-filled elevation data (1 arc-second for the United States and 3 arc-seconds for global coverage) were also provided by the U.S. Geological Survey (USGS), and the gaps were filled by the Consultative Group for International Agricultural Research (CGIAR) using auxiliary data [38] . Because we do not know the exact time of the filled data, unfilled SRTM1 data were used in our study. The accuracy of SRTM3 is specified as 16 m with a 90% confidence level [39, 40] . There is a relative difference of ±13.5 m (root-mean square error, RMSE) between SRTM and TOPO DEM (1:50 000) [41] . A comparison of SRTM1 and unfilled SRTM3 data (resampled into a spatial resolution of 30 m) for our study area (DEM coregistration method cf. section 3.7, shift X of -0.07 m and shift Y of 3.43 m on horizontal displacements between DEMs) indicated a mean difference value of -0.01 m (standard deviation: 4.66 m). Thus, SRTM1 data can also be used to calculate elevation changes with high resolution. However, the penetration of the C-band radar waves needs to be taken into account for volume change as it varies from 0 to 10 m depending on the local climatic conditions [3, 34, 39, 42] . A Landsat ETM+ scene from 7 February, which is near the time of the SRTM mission (11-20 February 2000) , revealed slight snow coverage with mostly snow-free glacier tongues in the study area. The comparison between SRTM X-band and SRTM C-band was used to estimate and correct the C-band radar penetration into snow and ice by assuming that the penetration depth of the X-band signal is negligible for glaciers in our study area, which has a higher temperature and is less dry than the Antarctic ice sheet [43] . Because of incomplete spatial coverage (only 20% of our study area) by the SRTM X-band data, it is not used in the first place to compute elevation changes. To separate between accumulation and ablation areas, we assumed the equilibrium line altitude (ELA) of each glacier to be approximately equal to the median glacier altitude, which is based on the CGIs [44] . When compared with the X-band SRTM (DEM coregistration method cf. 3.7), the penetration depth of the C-band was averaged as 2.41 m for firn and snow (accumulation zone) and 0.79 m for clean ice ablation zones, assuming no penetration in the case of supraglacial debris.
ASTER images
The ASTER sensor mounted on the Terra satellite platform provides multispectral imagery between 82°N and 82°S [45] . There are three bands in the visible and near infrared spectral range (VNIR, 0.5-1.0 μm) with a 15-m spatial resolution, six bands in the shortwave infrared spectral range (SWIR, 1.0-2.5 μm) with a 30-m resolution, and five bands in the thermal infrared spectral range (TIR, 8-12 μm) with a 90-m resolution [46] . In the VNIR, one nadir-looking (3N, 0.76-0.86 μm) and one backward-looking (3B, 27.7°off-nadir) camera generate an alongtrack stereo pair with a base-to-height (B/H) ratio of about 0.6, which is close to ideal for generating DEMs for a variety of terrain conditions via automated techniques [47] . Because of the 15-m resolution of the ASTER 3N and 3B stereo data, the resolution of ASTER DEMs is restricted to comparatively low levels of 30-45 m [48] [49] [50] . ASTER DEMs presented accuracies ranging from 7 to 20 m [49, 50] .
Cartosat-1
Cartosat-1 (IRS-P5) was launched by the Indian Space Research Organisation (ISRO) in 2005
and is equipped with two panchromatic cameras tilted at -5°(AFT) and +26°(FWD) from the pitch axis [51, 52] . These satellite cameras have a resolution of 2.5 m and a B/H ratio of 0.62 [53] . Quasi-simultaneous image acquisition is guaranteed by a time lag, similar to the ASTER stereo images, of about 52 seconds between both records, thus facilitating DEM generation [54] . Data from Cartosat-1 are 10 bit and provide rational polynomial coefficients (RPCs) for photogrammetric processing and extraction of 3-D information using a rational function model (RFM). The RPCs have a much lower accuracy than the ground resolution, i.e., approximately 2.5 m. Subpixel accurate ground control points (GCPs) have been used in previous studies to estimate bias or affine RPC correction parameters required for high-quality geolocation of high-resolution satellite images [55] . Cartosat-1 data have been used to glacier mapping [56, 57] and geodetic mass balances [58] .
Chinese Glacier Inventory datasets and temporal glacier boundary mapping
The first and second Chinese glacier inventory (CGI) datasets [18, 59] provided the glacier boundary in 1963 and 2009 for this study [19] . However, the TOPO DEMs were derived from topographic maps constructed in 1971/1976, and glacier outlines were digitized manually. The glacier outlines of the first CGI, which was verified using aerial images [19] and Landsat MSS images, which were taken in 1972/73, were used to examine and correct errors of glacier outlines from topographic maps. The Landsat images (Table 1) were also used to extract manually the glacier boundary in 2000 and 2014 (cf. [18, 60, 61] ). In addition, ASTER and Cartosat-1, which were ortho-rectified using the DEMs generated from their own stereo data, were used to check the glacier boundaries in 2000 and 2014 by cross-checking with Google Earth™. The hillshade based on the SRTM3 DEM, TOPO DEMs and the calculated ASTER and Cartosat-1 DEMs provided additional information for detection of the glacier boundary. We estimated the uncertainty using a buffer of 6 m for topographic maps with a scale of 1:50 000 (cf. [19, 61] ) and half a pixel for the Landsat images. We assumed that the uncertainty due to image coregistration was captured using the buffer method [35, [62] [63] [64] . Considering the law of error propagation, the final uncertainty for area change (E AC ) was calculated using Eq (1):
where E A1 and E A2 represent the uncertainties of the glacier outlines; however, the same borderlines were removed in periods 1 and 2.
DEM generation and postprocessing
ASTER and Cartosat-1 were processed using the "DEM Extraction" Model of the ENVI 5.0 software using the geographic reference system WGS84 UTM zone 43 N. During the DEM generation, at least 20 GCPs for each stereo image (Fig 1) were identified from the topographic maps and Landsat images on ice-free terrains as the elevation and horizontal references, respectively. The automatically generated tie points (TPs) were visually checked via ground objects and topographic features. At least 60 TPs for each scene were selected to maintain an even distribution of TPs in an image, especially TPs in snow, shadows, and other areas, to increase the accuracy of image-to-image coregistration. The maximum Y parallax errors were controlled to less than 0.5-0.8 pixels in our study. The spatial resolution of the ASTER DEM was 30 m and the spatial resolution of the Cartosat-1 DEM was 10 m. However, all of the DEMs were resampled to a spatial resolution of 30 m by cubic convolution. The DEMs from the ASTER and Cartosat-1 image pairs exhibited high noise in some glacier areas with snow and shadows, and these outliers were deleted. The DEMs and the region covered by these DEMs are shown in Table 2 .
DEM Coregistration and Accuracy
Relative horizontal and vertical biases are often observed during matching of multisource (or temporal) DEMs [65, 66] . These biases may occur due to technique limitations, sensor inconstancy, and inappropriate conditions at the ground surface [67] . These biases always produce uncertainties when deriving precise changes of glacier thickness or volume, and they can be corrected using the relationship between elevation difference and aspect (cf. [66] ). The TOPO DEM, with the highest accuracy and reliability [30, 32, 36, 37] , was chosen as the reference DEM to assess the accuracy of other DEMs by comparing the elevation values on the nonglacier terrains. To account for the slope dependency of the method, we excluded all terrain below a slope of 5°. Previous studies have shown that vertical biases are significantly correlated with topographical characteristics, such as aspect, slope, altitude, and maximum curvature [4, 34, 68] . The substantial trigonometric relationship between standardized vertical bias and topographical parameters (slope and aspect) allows for the simultaneous detection of vertical biases and horizontal displacements [66] . The relationship between elevation biases and maximum curvatures both on and off glacierized areas can adjust the biases resulting from multiple spatial resolutions [43] . To consider outliers and curvature effects, we removed the outliers by utilizing the threshold of the 5% and 95% quantiles based on statistics (cf. [34] ).
After the adjustments, we calculated statistical parameters for the differences of the nonglacier area between the final adjusted DEMs (Table 3 ). The mean elevation difference (MED) of the nonglacier area between the final adjusted DEMs was in the range of -0.99 to 0.34 m ( Table 3 ). The standard deviation of the nonglacier area (STDV no glac ) would probably overestimate the uncertainty due to averaging over larger regions, which reduces the errors [58, 69] . Thus, the standard error of the mean (SE) used for estimation of the uncertainty is given by
where N is the number of included pixels. To minimize the influence of autocorrelation, it is recommended that the de-correlation length be chosen based on the spatial resolution. For DEMs with a spatial resolution of 5 m, a de-correlation length of 100 m is suitable [70] . Berthier, Schiefer [69] chose 500 m as the de-correlation length for DEMs with a resolution of 40 m, and Bolch, Pieczonka [58] used values of 600 m for the spatial resolution of 30 m and 400 m for 10-20 m. In our study, a value of 600 m was chosen as the de-correlation length according to the spatial resolution of 30 m. Then, the accuracy (σ) was determined using the SE and MED over the ice-free terrain [58] :
The accuracies for all subregions were calculated for the investigated periods. An accuracy ranging from 0.65 to 1.26 m (Table 3) indicates that the postprocessed DEMs are acceptable and suitable for the estimation of glacier volume changes. Considering the law of error propagation from one year to the next, the annual mean uncertainty (ε) is defined as:
where n is the number of years for a period.
Glacier mass balance
Mass change was calculated based on the glacier surface elevation change or volume change using a density assumption or model. Kääb, Berthier [71] proposed three density scenarios to measure the glacier mass change assuming density ranges from 900 to 600 kg/m . In this study, we used a density of 850 ± 60 kg/m 3 to estimate the mass change in water equivalents (w.e.).
Results
Glacier area change
There were 434 glaciers in MAKT with a total area of 1018.3 ± 12.99 km 2 in 1971/76; however, heterogeneous variations were observed for different periods and different glaciers (Table 4) (Table 4) . . In the area on the glacier below 3500 m a.s.l., mass change was in the range -0.32 ± 0.12 m w.e. a −1 with spatially inhomogeneous surface ablation (Fig 3) . from 1976 to 2014, and the total glacier area in Muztag Ata and Kongur Tagh increased bỹ 0.02% (0.18 km 2 ) from 2009. Overall, large glaciers retreat slower than small ones [19] .
Glacier mass change
Increased winter precipitation is probably the major reason for slight glacier expansion in recent years [13] , which is consistent with the report of Yao, Thompson [10] . A consensus of glacier retreat measured in their area was commonly found in previous studies for glaciers in MAKT, but with various rates from -0.6% to -7.9% in different periods [11, 15, 16] . Our results lie within the range by Cai, Ma [15] , Shangguan, Liu [16] , and Holzer, Vijay [11] . We attributed the discrepancies of all the studies to their different study extent of glaciers and periods with available data. In addition, our result of glacier area change during the same time span in Muztag Ata (~-2.6 ± 0.4% during 1971/76-2014) approximates to that (-0.6 ± 3.9%) of Holzer, Vijay [11] . The difference of glacier changes from different authors might also relate to the inclusion/exclusion of steep headwalls as a part of the glacier. The resolution of Landsat imageries is lower than that of Pléiades, but the boundaries in our glacier mapping were verified through high-resolution images from Google Earth and available field GPS points (cf. [18, 59] ). The steep headwalls in the accumulation area were not excluded in our glacier inventories assuming that they did not change during the considered period and they provide mass through ice/snow avalanches. This helps explain the difference between our study and that of Holzer et al. about glacier area for some glaciers. For example, the area of Koksay Glacier (No. 5), the largest glacier at Muztag Ata, was different by 81.2 ± 1.41 km 2 in our study from 54.5 ± 0.11 km 2 in Holzer, Vijay [11] (named as Kekesayi Glacier by Holzer, Vijay [11] ).
Glaciers in the region might be weak retreating ones if compared with those in other mountain ranges in High Mountain Asia [10, 73] . The most comparable one may be found in West Kunlun Shan [6] where the glacier area decreased by 3.2 ± 3.1% (-0.16 ± 0.10% a were reported for Karakoram [74] [75] [76] . The glacier area change value of -3.7 ± 4.8% (or -0.11 ± 0.14% a -1 ) (1975-2008) for central Tian Shan [77] is also similar to our result; however, a slightly higher shrinkage was recorded for the Sary-Djaz catchment [78] and western Chinese Tian Shan [79] , and considerably greater shrinkage was observed for the other regions of Tian Shan, e.g., -0.6% a -1 in the Ili River basin [60] .
By integration of our result with that from Holzer, Vijay [11] , we conclude that glaciers in the MAKT region have been in a weak mass loss trend. However, the mass loss values for glaciers in our study might be slightly higher than Holzer, Vijay The accumulation regions showed high noise from optical data with a high uncertainty for elevation, which was also subject to such eventual biases. However, the trends in glacier mass change ) [27] . Thus, under the condition of global warming, there is no doubt that glacier ablation has continually increased. At the same time, if the snow accumulation that develops glaciers had decreased, the mass balance would be strongly negative [81] . However, a positive balance was observed on the Muztag Ata glacier (No. 6) in recent years determined by higher snow accumulation with increasing precipitation from the strengthening westerlies [10] .
One of the notable results is that the debris-covered regions obviously exhibit higher thinning rates with an average of -0.32 ± 0.12 m w.e. a −1 in our study area from the 1970s to 2013/ 14, although debris-covered area change was not significant. Early glacier surveys on Kematulejia Glacier about 4460-4600 m a.s.l. verify that glacier ablation on debris-covered ice was greater than on clean ice [29] . The mass-loss patterns for debris-covered ice are complicated by complex surface conditions with supraglacial ponds, ice cliffs, and heterogeneity of debris cover [82] . The higher value of mass loss for glaciers about 4000-4500 m a.s.l. may be attributed to thick debris or other surface conditions. The ice in the lower altitudes with higher temperature condition and weak insulation effect of thick debris are likely more sensitive to increasing summer temperatures [35] .
Conclusion
We ) from 1971/76 to 2013/14. These losses are heterogeneous and differ spatially as well as temporally. Although debris-covered area change was not significant, the debris-covered regions obviously exhibit higher thinning rates, with an average of -0.32 ± 0.12 w.e. a 
